Background: Intrauterine growth restriction (IUGR) increases the risk of adult-onset hypercholesterolemia. High-fat diet (HFD) consumption potentiates IUGR-induced increased cholesterol. Cholesterol is converted to bile acids by Cyp7a1 in preparation for excretion. We hypothesized that IUGR rats fed a HFD will have increased cholesterol, decreased Cyp7a1 protein levels, and decreased bile acids compared to control rats fed a HFD. Methods: At day 21, IUGR and control pups were placed on one of three diets: a regular chow or one of two HFDs containing 1% or 2% cholesterol. Cholesterol levels and hepatic Cyp7a1 protein levels were quantified a postnatal week 28. results: Both HFDs increased serum cholesterol levels in control rats, and HFD fed IUGR rats had further increased serum cholesterol up to 35-fold. Both HFDs increased hepatic cholesterol levels, and IUGR further increased hepatic cholesterol levels up to fivefold. IUGR decreased hepatic Cyp7a1 protein up to 75%, and hepatic bile acids up to 54%. conclusion: IUGR increased cholesterol and bile acids and decreased Cyp7a1 protein in rats fed a HFD without changing food intake. These findings suggest that IUGR increases the vulnerability of HFD fed rats to hypercholesterolemia via decreased cholesterol conversion to bile acids. i ntrauterine growth restriction (IUGR) predisposes to adultonset hypercholesterolemia (1,2). Epidemiologic studies demonstrate that late-gestation exposure to famine makes individuals more susceptible to hypercholesterolemia only when combined with postnatal consumption of a high-fat diet (HFD) (3). These results suggest that the postnatal nutritional environment impacts cholesterol metabolism differently in IUGR individuals compared their normally grown peers. A better understanding of the mechanism through which IUGR combined with a postnatal HFD impacts cholesterol metabolism would provide a foundation to pursue further research into preventing hypercholesterolemia in IUGR individuals.
i ntrauterine growth restriction (IUGR) predisposes to adultonset hypercholesterolemia (1, 2) . Epidemiologic studies demonstrate that late-gestation exposure to famine makes individuals more susceptible to hypercholesterolemia only when combined with postnatal consumption of a high-fat diet (HFD) (3) . These results suggest that the postnatal nutritional environment impacts cholesterol metabolism differently in IUGR individuals compared their normally grown peers. A better understanding of the mechanism through which IUGR combined with a postnatal HFD impacts cholesterol metabolism would provide a foundation to pursue further research into preventing hypercholesterolemia in IUGR individuals.
While the effects of HFD consumption in individuals born IUGR are not well understood, the detrimental effects of HFD consumption in the general population has been extensively documented. HFD consumption often leads to hypercholesterolemia and eventually cardiovascular disease (4) . Higher cholesterol levels increase the risk of cardiovascular disease in a continuous, graded fashion (5, 6) . IUGR may potentiate hypercholesterolemia in individuals that consume a HFD and thus increase morbidity and mortality in this population. The impact of IUGR on cholesterol levels in humans is more evident in the recent decades due to the changing Western diet (7) . Average daily fat and cholesterol intake in the United States is ~23-33 g of saturated fat and up to 400 mg cholesterol, both well above the recommended daily intake of ~16 g or no more than 7% of caloric intake for saturated fat and 200 mg cholesterol (7) .
The liver is the primary organ for regulating both serum and hepatic cholesterol levels. Cholesterol homeostasis is regulated by a series of hepatic genes. These genes can be organized into four groups, with the key proteins in each group identified in Figure 1 . This first group includes cholesterol 7 α-hydroxylase (Cyp7a1), the rate limiting step of cholesterol conversion to bile acids for elimination from the body. The first group also includes the liver X receptor α (Lxrα), the transcription factor both for Cyp7a1 and for ATP binding cassette transporter a1 (Abca1). The second group contains genes that increase de novo cholesterol synthesis, including peroxisome proliferator receptor γ 1 (Pparγ1) and 2 (Pparγ2), sterol responsive element binding protein 2 (Srebp2), and 3-hydroxy-3-methylglutarylCoA reductase (Hmgcr). Group 3 includes the low density lipoprotein (LDL) receptor (Ldlr), which increases cholesterol uptake from the blood, and the Ldlr inhibitor, proprotein convertase subtilisin/kexin type 9 (Pcsk9). The fourth group includes genes involved in high-density lipoprotein (HDL) export, including ATP binding cassette transporters g1 (Abcg1) and Abca1. The final group comprises genes involved with the formation and export of very-low-density lipoprotein cholesterol (VLDL-C), which includes acetyl CoA carboxylase (Acc), fatty acid synthase (Fasn), and microsomal transferase protein (Mtp). Hepatic cholesterol levels provide feedback on key regulators in these pathways to maintain cholesterol
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Articles homeostasis. However, it remains unknown if IUGR followed by postnatal HFD consumption increases hepatic cholesterol and alters expression of cholesterol metabolizing genes more than HFD consumption alone.
The hypothesis of this study is that IUGR rats fed one of two HFDs as depicted in Figure 2 will have increased serum and hepatic cholesterol levels and altered levels of proteins involved in cholesterol synthesis, uptake, and export to VLDL-C and bile acids compared to control rats fed the same HFD.
RESULTS

Food Intake and Weight Gain
Rats in both 1% and 2% HFD groups consumed fewer grams of food but the same total kilocalories as regular diet fed rats, therefore eating more fat and cholesterol (Figure 3) . Rats that consumed the 2% HFD ate more cholesterol than the rats that consumed the 1% HFD. No difference was found in fat, cholesterol, or total caloric intake between IUGR and control within any diet.
At weaning on postnatal day 21 IUGR rats weighed less than sex-matched control rats (Supplementary Figure S1 online). IUGR rats caught up to respective diet control rats by week 7. None of the rats exceeded weight gain compared to sexmatched control regular diet rats. All rats had the same mean sex-matched body weight at the time of harvest (week 28).
None of the regular diet fed control or IUGR rat stool samples had increased total or partially digested fat. One of six male IUGR-1% and two of six female Con-2% stool samples had increased partially digested fat (not statistically significant compared to Con-Reg).
Serum Cholesterol
Total cholesterol is comprised of high-density lipoprotein cholesterol (HDL-C) and non-HDL-C. Non-HDL-C is comprised of low-density lipoprotein cholesterol (LDL-C) and very-lowdensity lipoprotein cholesterol (VLDL-C). Lipid panels from HFD female rats were too viscous to accurately calculate LDL-C, thus non-HDL-C is shown in Table 1 .
No difference was found in serum total or non-HDL cholesterol between control and IUGR rats fed a regular chow. Total and non-HDL cholesterol was increased by both 1% and 2% HFDs. IUGR-1% and IUGR-2% further increased total and non-HDL cholesterol compared to control rats fed the respective HFD. Serum non-HDL cholesterol levels were significantly higher in female HFD fed rats compared to male HFD fed rats.
Serum HDL cholesterol was unchanged between IUGR and control rats on the regular diet. HDL cholesterol was increased by HFD feeding. Both HFDs also increased HDL cholesterol in both sexes, with no difference between IUGR and control. LDL-C was not able to be calculated due to serum viscosity.
Serum Fatty Acids
Serum saturated fatty acids were unchanged by IUGR in rats fed a regular diet ( Table 2 ). Both HFDs increased serum saturated fatty acids compared to Con-Reg rats. IUGR combined with either HFD did not alter serum fatty acids compared to control HFD fed rats.
Hepatic Cholesterol
Hepatic cholesterol was unchanged by IUGR rats fed a regular diet ( Table 1) . Both HFDs increased hepatic cholesterol levels in males and females compared to Con-Reg rats. IUGR further increased hepatic cholesterol in IUGR-1% and IUGR-2% female rats and IUGR-1% male rats compared to respective Con-HFD rats. Hepatic triglycerides were not consistently increased by IUGR or HFD consumption.
Hepatic Oil Red O Stain
Both HFDs qualitatively increased hepatic oil red o stain in male and female HFD fed rats (Figure 4) . Figure 1 . A simplified diagram of major regulatory proteins involved in cholesterol homeostasis is shown here. Group 1 includes Cyp7a1, which catalyzes the rate limiting step in formation of cholic acid, a major bile acid component. Lxrα is a transcription factor for Cyp7a1. Group 2 includes Pparγ, a transcription factor for Srebp2. The Srebps are transcription factors for Hmgcr, the rate limiting step in de novo cholesterol synthesis, and Ldlr, the primary means of uptake of LDL-C from the blood. Group 3 consists of Ldlr and Pcsk9, which inhibits Ldlr function. Group 4 includes Abca1 and Abcg1, proteins that function to package cholesterol into HDL-C. Group 5 consists of Acc, Fasn, and Mtp, which package triglycerides and cholesterol into VLDL-C for export into the blood. IUGR combined with either HFD decreased Cyp7a1 protein in IUGR-HFD males and IUGR-2% females compared to HFD matched controls ( Figure 5 ). IUGR combined with either HFD also decreased Lxrα in males and Lxrα target Abca1 in IUGR-1% males and IUGR-2% females. IUGR alone minimally affected Cyp7a1, Lxrα, Pparγ2, cleaved Srebp2, cleaved Hmgcr, Ldlr, Pcsk9, Abca1, Abcg1, Acc, Fasn, and Mtp protein levels compared to Con-Reg rats (Figures 6-9 ). IUGR alone increased Pparγ1 in males and females. HFDs alone as well as IUGR combined with either HFD decreased protein levels of Lxrα, Pparγ1, Pparγ2, cleaved Srebp2, cleaved Hmgcr, Ldlr, Pcsk9, Abcg1, Acc, Fasn, and Mtp protein compared to ConReg rats.
Hepatic Bile Acids
IUGR-Reg rats did not have altered hepatic bile acids compared to Con-Reg rats ( Table 3) . Both HFDs decreased hepatic bile acids in males compared to Con-Reg males. Con-1% female rats had increased bile acids compared to Con-Reg females. Compared to HFD controls, IUGR-1% decreased hepatic bile acids in males and females, and IUGR-2% decreased hepatic bile acids in females.
DISCUSSION
This study is the first to demonstrate that the combination of IUGR and a postnatal HFD increases cholesterol and decreases hepatic Cyp7a1 protein and bile acids compared to HFD fed control rats. IUGR combined with a postnatal HFD did not increase proteins involved in de novo cholesterol synthesis, uptake from the blood, or export to the blood. Therefore, increased cholesterol levels may be secondary to decreased Cyp7a1 protein levels and thus decreased conversion of cholesterol to bile acids in rats. Conversion of cholesterol to bile acids comprises an important step in the regulation of cholesterol homeostasis, with ~50% of the body's excretion of cholesterol occurring through bile acid formation (8) . Cyp7a1 is the rate limiting and most highly regulated step in bile acid synthesis. Overexpression of Cyp7a1 in cell culture decreases cholesterol levels and increases bile acid synthesis, and has been hypothesized as a treatment modality for hypercholesterolemia (9, 10) . Conversely, Cyp7a1 deficient mice have higher hepatic and serum cholesterol and decreased total bile acids (11) . Importantly, decreased cholesterol conversion to bile acids in the Cyp7a1 knockout mouse is attributable to decreased Cyp7a1 without compensatory increases in other minor bile acid metabolizing enzymes (12) . Average food intake over the last 4 wk of the study for regular and HFD fed rats. Diets are not isocaloric. (a) Food intake in grams, (b) total kilocalorie intake, (c) protein intake, (d) carbohydrate intake, (e) fat intake, and (f) cholesterol intake. Rat food was weighed weekly from week 3 through week 28, and sufficient food supplied to allow ad libatum feeding. Control data are shown in white bars and IUGR data are shown in black bars. Data shown as mean ± SD. *P < 0.05 compared to Con-Reg. N = 18 for male and female regular diet control and IUGR rats, n = 12 for male and female 1% HFD control and IUGR rats, and n = 6 for male and female 2% HFD control and IUGR rats. 
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IUGR induced by protein restriction decreases Cyp7a1, histone acetylation and RNA polymerase II in the Cyp7a1 promoter, and increased serum and hepatic cholesterol in adult male rats (13) . This finding suggests that Cyp7a1 is a gene susceptible to the in utero nutritional environment resulting in long-term decreases in expression and cholesterol accumulation. Interestingly in our model IUGR in combination with a HFD did not alter de novo cholesterol synthesis, LDL-C uptake from the blood, or export of HDL-C or VLDL-C to the blood, and only decreased cholesterol elimination in bile. While decreased conversion of cholesterol to bile acids is unlikely to be the only mechanism through which IUGR increased cholesterol, the decreased Cyp7a1 protein levels observed in our study likely represents a major pathway through which IUGR adversely modulates cholesterol homeostasis. HFD feeding, which is common in developed nations today, leads to hypercholesterolemia and liver injury. In our study, HFD feeding alone increased serum and hepatic cholesterol. Similarly, HFD feeding in mice increased hepatic cholesterol compared to low-fat diet controls (14) . Furthermore, HFD feeding alone increased markers of hepatic injury, as seen with oil red o staining and enzyme markers of hepatic injury in our study, with no difference between IUGR-HFD and Con-HFD. Similarly, maternal hypoxia increased fatty liver in HFD fed mice (15) . HFD feeding alone decreased proteins involved in de novo cholesterol synthesis, LDL-C uptake from blood, and export of HDL-C and VLD-C export to the blood. While it is well accepted that HFD feeding alone is detrimental to health, the impact of IUGR combined with HFD feeding has been little studied.
Our study showed increased serum non-HDL cholesterol in IUGR and control females relative to males. IUGR induces sex-specific differences in cholesterol metabolism in both humans and other rodent models (2, 16) . Human data demonstrate a greater LDL-C to HDL-C ratio in men compared to women who were IUGR at birth (3) . Sex specific responses in cholesterol metabolizing genes are seen in Cyp7a1 knockout mice fed cholesterol. Female Cyp7a1 knockout mice have a threefold increase in hepatic cholesterol and increased cholesterol absorption while males have minimal increases in cholesterol absorption and hepatic cholesterol (12) . Higher cholesterol was found in female compared to male LDL-receptor knockout mice fed a low-fat chow (17) . Furthermore, orchidectomy increased cholesterol in males but ovariectomy did not alter 3.6 ± 0.6* 6.8 ± 1.8* † Hepatic triglycerides (nmol/100 mg liver weight) 16 ± 6 22 ± 6 20 ± 7 17 ± 12 23 ± 5 27 ± 3* Serum for lipid panels was allowed to clot at room temperature for 30 min prior to separation and analysis at ARUP laboratories. Serum for AST and ALT was immediately placed on ice and allowed to clot prior to separation and analysis at ARUP laboratories. Female serum was too viscous to accurately determine AST and ALT. Liver weights and body weights were measured in grams at necroposy. Hepatic lipids were isolated and quantified with a colorimetric kit. N = 6. ALT, alanine transaminase; AST, aspartate transaminase; HDL-C, high-density lipoprotein cholesterol; IUGR, intrauterine growth restriction; VLDL-C, very-low-density lipoprotein cholesterol. *P < 0.05 compared to Con-Reg.
cholesterol in females (17) . Androgen levels may be protective for hypercholesterolemia, and dietary fat and cholesterol may interplay with sex steroids to alter cholesterol metabolism (17) . The specific etiology of the IUGR insult differentially impacts the formation of hypercholesterolemia. While nutrient restriction is the most common cause of IUGR in the developing world, uteroplacental insufficiency is the most common intrauterine insult leading to IUGR in the developed world, where HFD consumption is common (18) . Uteroplacental insufficiency induced IUGR produces and intrauterine mileu of hypoglycemia, hypoxia, and acidosis in the IUGR fetus (19) . The type of IUGR insult used in this study replicates this intrauterine mileu in the fetal pups (20,21).
The impact of IUGR on cholesterol metabolism has been studied using other models of IUGR. Other rodent studies using an IUGR insult induce IUGR either through hypoxia or maternal micro-or macronutrient restriction (16, 22, 23) . In contrast to our study, hypoxia and nutrient restriction IUGR insults produce elevated serum and hepatic cholesterol levels when fed a regular, healthy diet. When hypoxia-induced IUGR rats were subsequently fed a HFD without added cholesterol, IUGR did not increase serum or hepatic cholesterol compared to HFD fed control rats (24) . In our study, uteroplacental insufficiency induced IUGR increased serum and hepatic cholesterol accumulation only in combination with a second hit, the consumption of a HFD. Frozen serum was analyzed with mass spectrometry for fatty acid quantification. Lipid carbon number and double bond designation is shown next to each lipid name. Data shown as area under the curve ± SD. N = 6 for each group. Con-Reg and IUGR-Reg data shown twice, as mass spectrometry data were run at different times along with serum from rats consuming HFD 1% and HFD 2%, and drift in the mass spectrometry equipment necessitates controls with each run. *P < 0.05 compared to sex-matched Con-Reg. 
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Alteration of free fatty acid and triglyceride levels also depend on the etiology of IUGR insult. Both HFDs increased serum saturated fatty acids and decreased the omega-6 fatty acid linoleic acid in this study, consistent with increased dietary intake of saturated fat from milk fat and decreased soybean oil ( Table 2) . However, IUGR-1% and IUGR-2% increased serum cholesterol levels without significant changes in triglyceride and serum free fatty acids (Tables 1 and 2) . Consistent with our study, triglyceride levels were unchanged in IUGR infants exposed to the Dutch famine during the last third of gestation (25) . Other epidemiologic studies demonstrate that IUGR alters serum triglyceride levels (1). However, many epidemiologic studies utilize small for gestational age (SGA) as a marker of IUGR. Many SGA infants are not growth restricted and thus not likely predisposed to abnormal lipid metabolism. When there is an etiology for probable growth restriction, such as during a famine, the timing, duration, and specific maternal micro-and macro-nutrient availability at the time of the famine may explain the discrepancies between these studies.
Consistent with human studies, animal studies indicate that hypoxia and nutrition restriction induced IUGR either increase or do not change serum triglyceride levels (16, 22) . IUGR caused by uteroplacental insufficiency increased serum triglycerides in 120 d old but not 21 d old IUGR rats, time points which were not examined in our study (26) . Increased cholesterol without increased triglycerides or free fatty acids as seen in this study suggests that IUGR specifically alters the regulation of cholesterol metabolizing genes rather than globally altering fatty acid metabolism (27) .
A limitation of our study is the decreased protein intake of the HFD animals compared to the regular diet rats. The effect of decreased protein consumption on our results cannot be excluded, however, the protein content was chosen to be similar to the typical American diet, is sufficient for normal mammalian growth, and is significantly higher than protein content used in low protein studies (7, 28, 29) . Furthermore, caution should always be used in relating animal data to humans.
In conclusion, in rats fed a HFD, IUGR increased serum and hepatic cholesterol without changing fat or cholesterol consumption. IUGR decreased hepatic Cyp7a1 protein levels and bile acids in HFD fed rats. These findings suggest that IUGR adversely decreases cholesterol conversion to bile acids, a major pathway through which cholesterol is excreted from the body, leading to decreased cholesterol elimination. A better understanding of the mechanism through which IUGR combined with a postnatal HFD decreases cholesterol elimination may lead to tailored treatments for IUGR individuals.
METHODS
Animals
The University of Utah Animal Care Committee approved all animal procedures. Timed pregnant female Sprague Dawley rats were obtained from Charles River Laboratories (Wilmington, MA). Bilateral uterine artery ligation was performed on day 19.5 of a 21.5 d gestation to produce 20-25% growth restricted rats as described previously (30) . Rats were allowed to deliver naturally and litters were culled to six at birth for rearing consistency. A total of 12 dams underwent uterine artery ligation and 12 dams received anesthesia alone as a control. The quantity of cholesterol consumption alters serum cholesterol levels (31), therefore at weaning on postnatal week 3 IUGR and control offspring were started on one of three diets, detailed in Figure 2 . This experimental design yielded a total of 144 offspring rats, with an n of 6-18 rats per sex, diet, and intrauterine environment group. Siblings from the same mother were not used in the same experiments unless they were of a different sex or on a different diet. This resulted in 12 groups, 6 groups for each sex: control rats fed a regular diet (Con-Reg), control rats fed a 1% HFD (Con-1%), control rats fed a 2% HFD (Con-2%), IUGR rats fed a regular diet (IUGR-Reg), IUGR rats fed a 1% HFD (IUGR-1%), and IUGR rats fed a 2% HFD (IUGR-2%).
The diets used in this study are a regular rat chow (Reg, HarlanTeklad, TD.8640, Madison, WI), 1% HFD (Harlan Teklad, TD.110526), or 2% HFD (Harlan Teklad, TD.110197). The regular diet contained 17% kcal from fat, 54% kcal carbohydrate, and 29% kcal from protein. The fat source in the regular rat chow was from 60 g/kg soybean oil and contains 0.03% wt/wt cholesterol. Both 1% and 2% HFDs contain 44% kcal from fat, 40% kcal from carbohydrate, and 16% kcal from protein. The fat source in both 1% and 2% HFDs was milk fat and 10 g/kg soybean oil, consisting of 65% saturated fat. The 1% HFD contains 1% wt/wt cholesterol and the 2% HFD contains 2% wt/wt cholesterol. Both HFDs also contain 0.5% cholic acid to enable intestinal absorption of fat and cholesterol. Protein content in both HFDs is lower than the Reg diet, though was chosen to mimic protein consumption in the United States today (7) and is sufficient for normal mammalian growth (29) . Furthermore, this protein content is significantly higher than protein content used in low protein dietary studies (28) .
All rats and food were weighed weekly and rats were not pair fed because preliminary studies demonstrated that rats on all three diets consumed the same total kilocalories as regular diet fed controls. Diets were continued until adult IUGR and control rats were harvested at postnatal week 28. Rats were fasted for 6-8 h prior to harvest, and all liver and serum results were obtained on fasted liver and serum. At harvest, rats were anesthetized with isoflurane prior to decapitation. Mature females were harvested only in estrus to minimize confounders of the estrus cycle on cholesterol metabolism (32) . Fresh stool was collected from n = 6 non-fasting rats from each group and sent to ARUP laboratories for qualitative fecal fat (ARUP lab number 0020385), separating fat into total fat and partially digested fat.
Serum Cholesterol Analysis
Mixed arterial and venous serum was collected at necropsy in serum separator tubes (BD Vacutainer, BD, Franklin Lakes, NJ) and allowed to clot at room temperature prior to separation. Serum aliquots were frozen at −80 °C. Serum lipid panels were analyzed at ARUP laboratories within 1 wk of collection (ARUP lab number 0020421). To look for markers of liver inflammation, serum was also sent to ARUP for aspartate transaminase (AST) or alanine transaminase (ALT) analysis (ARUP lab number 0020408).
To determine specificity of IUGR on serum cholesterol, serum fatty acid concentrations were also measured. Gas chromatography-mass spectrometry was performed to determine serum fatty acid levels. Because GC-MS data are represented in arbitrary units and comparisons are performed on control samples run at the same time, data are represented as a percent of sex-and age-matched control rat serum level. Serum fatty acid analysis was performed using GC-MS (Waters GCT Premier mass spectrometer, Milford, MA) with an Agilent 6890 gas chromatograph (Hewlett Packard, Ramsey, MN) and a Gerstel MPS2 autosampler (Linthicum, MD) at the metabolomics core facility at the University of Utah.
Hepatic Cholesterol Quantification
Liver lipid was isolated based on a method developed by Folch et al. (33) . Lipid was quantified using a colorimetric kit for cholesterol (BioVision HDL-C and LDL-C/VLDL-C Cholesterol Quantification Kit, Biovision Research Products, Mountain View, CA) and for triglyceride (BioVision Triglyceride Quantification Kit, BioVision Research Products), according to manufacturers' protocol. Data was calculated as mg cholesterol or nmol triglyceride/100 g liver weight and compared to reference data. 
